Abstract Arterial stiffness has been proven to be one of the most promising diagnostic and prognostic features of many cardiovascular diseases (CVD). Arterial compliance (AC) and pulse wave velocity (PWV) allows a good quantitative assessment of arterial stiffness. To estimate pulmonary Arterial Compliance and Pulse Wave Velocity in Cerebral-Cardiovascular Patients using 64-Row Multi-Detector Computed Tomography Cardiac Images. Here in this work, we have used an in house developed three-dimensional reconstruction algorithm that extracts high-resolution cardiac Computer Tomography images in Digital Imaging and Communications in Medicine (DICOM) format from nine subjects. The subjects consist four patients with stroke (SR) turned to atrial fibrillation (AF) and five patients with both SR and AF. The calculation showed strok volume of Left and Right Ventricles, which are near equal to 62.56±12.61 ml and 65.95±13.13 ml, respectively, with a good positive correlation (R = 0.717, p < 0.0001) while pulse wave velocity and arterial compliance are calculated to be 0.21±0.0665 m/s and 0.09 ± 0.0547 ml/mmHg for patients with SR turned AF, 0.15±0.0502 m/s and 0.10 ± 0.0438 for the SR and AF patients. We concluded that the derived methodology for calculation of PWV and AC from 3D cardiac CT images could be used as an index in the evaluation of arterial stiffness.
Introduction
The population is aging in the world at a substantial rate and old population is significantly leading to a number of deteriorations including cardiovascular diseases. It usually occurs because of the change in arterial structure and function including arterial stiffening and compliance [1, 2] . Arterial stiffness is the most important factors of estimating the cardiovascular risk in various disease conditions [1] . The pulse wave velocity (PWV) and arterial compliance (AC) is a good indicator of the arterial stiffness along with atrial fibrillation (AF) [2] and stroke (SR) [3] . There are many invasive and non-invasive methods to assess the pulse wave velocity [4, 5] and arterial compliance [6] . Arterial stiffness calculations can be classified into three categories the blood pressure, ultrasound Doppler and magnetic resonance (MR) techniques [1] . In a recent meta-analysis research, aortic PWV was found to improve cardiovascular ailment prediction in models that included standard risk factors (smoking, hyperglycemia, hypertension etc.), therefore it is suggested that it may prove beneficial for better identification of cardiac disease in aging high-risk population. Till now, there is no pharmacological approach which is commonly used in clinical practice to decrease arterial stiffness, thus new therapeutic approaches to decrease arterial stiffness is highly desirable (Janić, Miodrag, 2014) . Recent research have shown that computed tomography (CT) imaging permits high resolution non-invasive imaging of the heart and associated arteries, i.e., coronary arteries and pulmonary artery. Computed tomography also offers very fast imageacquisition making medical diagnosis less tedious [7] . Therefore, we propose a method for calculation of the 24 
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pulmonary arterial compliance and PWV. The main objective of this work is to design a computational pipeline from high resolution cardiac CT images in DICOM (Digital Imaging and Communications in Medicine) format that can compute the total arterial and ventricular compliance of the reconstructed models.
Methods

Study Design
The study is divided into two parts: [8] The validation of the new non-invasive method in determining ventricular and arterial volume using a 3D reconstruction software and [1] The estimation and determination of the stroke volume of LV and RV as well as the correlation of pulse wave velocity and arterial compliance in both the right ventricle and pulmonary artery of patients with various cardiovascular disease (CVD). The study is approved by the Investigation Review Board (IRB) of National Yang-Ming University Hospital at Taipei, Taiwan.
Study Group
All computed tomography (CT) images of the subjects are provided by National Yang-Ming University Hospital in Taipei, Taiwan. Seventeen cardiac patients are involved in the study which is 42-86 year-old. There are eleven men and six women which is 42 to 86 years old. Nine patients with SR and AF while eight patients have SR turned to AF. This is an observational study. The patients with paroxysmal AF and a first episode of acute ischemic cerebral infarction admitted to neurological ward for assessment. The cause of the stroke is classified as AFrelated based on the definitions of the SSS-TOAST system. All stroke patients are diagnosed an AF related stroke if it is due to AF without significant valvular disease and there is no other etiologies present. The exclusion criteria is included AF rhythm in the 48 hours after admission, serum creatinine more than 2 mg/dl, a history of contrast allergy or inability of the participant to provide informed consent.
Computed Tomography Study
Description of the adopted computed tomography protocols have been reported [9, 10, 11] . The Right Ventricle (RV), left ventricle (LV) and Pulmonary Arterial (PA) images are acquired by electrocardiographically gated, 64-slice multidetector computed tomography scanner (Brilliance CT 64-channel configuration, Philips Healthcare, Amsterdam, Netherlands). All participants underwent contrast-enhanced computed tomography scanning during sinus rhythm. Patients are instructed to hold their breath for acquiring the images, which covers an area from the superior margin of the pulmonary hilum to the cardiac apex (Collimation of 64 x 0.5 mm, Gantry rotation time of 350 ms, Table speed of 6.3 mm/rotation, Tube voltage of 120 kV and Effective tube current of 545 mA). Acquisition time is 8 to 12 seconds that depends on heart rate [12] . The developed computational pipeline is shown in Figure 1 . The cardiac CT images are extracted from the DICOM files using image reconstruction software, developed by Department of Biomedical Engineering, Chung Yuan Christian University (Chung-Li, Taiwan). DICOM is the standard format used in medical imaging that store patient's information such as age, weight, height, Systolic Blood Pressure (SBP) and Diastolic Blood Pressure (DBP) [13] . Each scanned slice has a dimension of 512 x 512 pixels and all temporal slices are collectively obtained for each patient during one complete heartbeat cycle. As shown in Figure 2 , each patient's electrocardiogram R-R Interval is divided into ten time series. Each of the time series corresponds to the various activities of the heart to one complete cardiac cycle. Each one of the ten time series is composed of 383 frames of CT gated-cardiac images which sums up to 3830 frames of data set for processing in every patient. The volume change with respect to each time series is computed, from the end-systole of the atrium that is at the beginning of the R wave (0 %) up to the end-diastole of the right ventricle at the end of the P wave (90%), in order to determine the total arterial and ventricular volumes of each patient during one complete heartbeat. 
(i) Regions of Interest
Right and Left ventricles can easily be located in the 2D CT image slices because of their large size. Here, we want to calculate the volume of the main pulmonary artery. Thus, a good resampling angle which clearly shows the location of the PA must be determined. All ROI volumes are calculated from the central axis position which clearly shows the pulmonary arterial circle and ventricular circle. However, the central axis position is determined by cutting the PA-3D image 6 slices up and 6 slices down so as to eliminate non ROI parts, the image rebuilt with respect to the central axis position to have a clear perspective of the ROI. The Open Graphics Library (OpenGL (version 4.3), Silicon Valley Inc.) and the Multiplatform Application Programming Interface (API) is used to reconstruct the 3D models from the cardiac CT data sets.
(ii) Seeded Region Growing Algorithm
A segmentation technique defines the borders of the anatomical structures of both the right ventricle and pulmonary artery. We applied the Seeded Region Growing Algorithm [8] Figure 3 to group parts of our CT images into units that are homogenous with respect to the image's pixel intensities. The first step in this segmentation technique is to select and label a set of seed pixels. The regions are grown starting from these seed pixels to adjacent pixels depending on their intensity. 
(iii) Active Contour Algorithm
The limitation of the previous segmentation algorithm is its pixel location dependency. To overcome and enhance the segmentation results, we used the Active Contour Algorithm known as Snake algorithm which is developed by Kass, Witkin, and Terzopoulos in 1988 [14] . The initial edges used in the Snake Algorithm are extracted by the seeded region growing algorithm.
(iv) Volume Calculation
Modified Simpson's Rule [15] is used to quantify the volume of ventricles and pulmonary artery. This method is based on calculation of total ventricular and arterial volume from the summation of a stack of elliptical discs of CT slices. We used the snake model to identify each slice's endocardial boundary. Afterwards, the central axis position was determined in each slice by defining normal lines perpendicular to the tangent points as shown in Figure 4 . The area under each slice's tangent line and normal line is calculated using the vector cross product formula, which is half the area of a parallelogram:
Therefore, the total area in each slice is the summation of all the areas under these vectors. Moreover, the volume of each temporal slice was computed considering a slice thickness equal to 0.9 mm and according to:
Surface Area Slice Thickness =
Consequently, the total volume of the ROIs is equal to the summation of all the slice volumes as:
(iv) Stroke Volume Calculation
We calculated the stroke volume to determine if the blood pumped from the LV is equal to the blood pumped from the RV. Its value was obtained by subtracting enddiastolic volume (40%) from end-systolic volume (0%) in both the left and the right ventricle according to:
Where SV is the Stroke Volume; EDV is End of the Diastolic Volume; and, ESV is the End of the Systolic Volume.
(v) Arterial Compliance and Pulse Wave Velocity Calculation
The arterial compliance of both the pulmonary artery and the right ventricle was computed from dividing the ROIs respective volumes by each patient's corresponding Right Ventricle Systolic Pressure (RVSP) as:
Where V is the volume change over time; AC is representing the Arterial Compliance; PA is representing the Pulmonary Arterial; and, RV is representing the Right Ventricle. AC PA is stand for the compliance of pulmonary arterial. All RVSP data is collected by echocardiography, readily provided by the National Yang-Ming University Hospital (Taipei, Taiwan) which is then included in the DICOM file. The PWV of the pulmonary artery is computed by first plotting the time intervals versus the pixel intensities for each of the temporal slice. In this study, the pulse wave consisted of 20 slices for each patient. From the pulse wave propagation plot we measured the lengths of the arterial segments (Δd) by locating and getting the difference of the steepest slope and the first slice to intersect with it. This intersection defines the starting point of the impulse. Afterwards, the differences among the slices are multiplied by the slice thickness (equal to 0.9 mm). We then used the individual heart rate of each patient to compute for the time interval (Δt) for each of the impulses:
Statistical Analysis
All quantitative data is expressed as the mean ± standard deviation. Regression analysis is applied to find the correlation of all dependent and independent variables. Student's t-test is used for continuous variables between two set of data. Bland-Altman analysis (GraphPad Prism 6) is used to determine inter-observer and intra-observer variability.
Results and Discussion
LV-RV Comparison
At resting state, the comparison of each subject's LV and RV stroke volumes is not different, as expected under physiological conditions, where the stroke volumes of the RV and LV are equal assuming that all valves are in capable condition. Furthermore, we found a close correlation between LVSV and RVSV (r=0.717, p<0.0001) as shown in Figure 5A . Bland-Altman analysis test the degree of measurement agreement between RV and LV SV that shows a mean difference of 3.39 ml with close limits of agreement (± 6.79 ml, representing ±2 SD) as shown in Figure 5B .
Here, this is our main validation tool to confirm the suitability of our volume calculation method. It can be inferred that whether a patient is suffering from CVD. This also validates that the values we got from using the right ventricle systolic pressure to compute for the PA, PWV and AC are conclusive. 
Image Segmentation
The result of the seeded region growing algorithm is shown in Figure 6 . A representative slice is the segmentation of the left ventricle ( Figure 6A ) while the segmentation of the right ventricle Figure 6B is shown as another representative slice. For each time series, we seeded 121±10 frames which collectively constitute to 1162±109 image frames processed for each patient's RV and LV volume determination. The images are over segmented with the seeded region growing algorithm. This over segmentation is responsible to the algorithm's pixel-order dependency, which means that all varying pixels within the defined range of intensity similarity, it is considered as part of the region of interest. These over segmentations are overcomed by using the snake algorithm. We have kept our ROIs with the manual traced line to all the endocardial outlines to achieve good image segmentations as shown in Figure 7 These over segmentations are overcome by using the snake algorithm. We have kept our ROIs with the manual traced line to all the endocardial outlines to achieve good image segmentations as shown in Figure 7 . The pulmonary artery image segmentation is shown as representative slice ( Figure 8A ). In this study, we have focused on determining the volume of the main pulmonary artery because of two reasons: (1) it is Geometrically stable for our mathematical models to work, and (2) our RVSP data for arterial compliance determination is only suited for main PA volume calculation. Hence, to determine the endocardial boundary of the PA, we first reconstructed the 3D model of the image ( Figure 8B ) to eliminate the left and right pulmonary artery as well as some unnecessary pulmonary veins using the tangent plane slicer. For the best volume calculation, each image plane has to perpendicular to the direction line of calculation. Therefore, the image was then resample three dimensionally, which is shown the right central axis position in six slices up and six slices down ( Figure 8C ). For each time series, we seeded 19±2 frames, which collectively constitute to 201±9 image frames processed for each patient's PA volume determination. After all the ROIs image frames have been processed, a three-dimensional resample image of the entire heart is built, which shows the distinct endocardial boundaries of the LV, RV, and PA ( Figure 9 ). After all the ROIs image frames have been processed, a three-dimensional resampled image of the entire heart is built, which shows the distinct endocardial boundaries of the LV, RV, and PA ( Figure 9 ) 
Compliance
Comparison of right ventricular compliance versus PWV and pulmonary arterial compliance versus PWV has showed negative correlation r=-0.771, p=0.006 and r=-0.746, p<0.0001, as shown (Figure 10 ). This negative correlation results from the reduction in the compliance value that leads to a significant increase in pulse wave speed, and consequently arrival of reflected pulse waves during early systole, further amplify peak systolic pressure as well as pulse pressure.
The correlation of RV and PA vary between our two groups of patients. Regression analysis shows that the correlation between the RV and PA compliance of SR & AF patients are low (r=0.464, p<0.0001) ( Figure 11A ). On the contrary, the RV and PA compliance of patients with SR into AF , have positive correlation (r=0.962, p=0.02) ( Figure 11B) . Also, Table 1 shows that the patients vital information of arterial and ventricular compliance between the two groups of patients.
Pulmonary artery embolous can greatly affect the compliance of the pulmonary artery as shown ( Figure  11A ). For patients suffering from stroke into atrial fibrillation the integrity of the ventricles and pulmonary artery would remain intact [16] . Hence, the compliance would not be affected yet as shown on ( Figure 11B ).
Pulse Wave Velocity (PWV)
The comparison of pulse wave propagation plots for our nine subjects is shown in Figure 12 . From processing large amounts of data, it is shown that the steepest slopes in each patient's pulse wave propagation plot are the least influenced by wave deformations and wave reflections. The steepest slope therefore defines the impulse representation of the pulse wave. Thus, by determining the first slice to intersect with the representative impulse (steepest slope), we are able to identify the starting point of the impulse itself and ultimately calculate the pulse wave velocity for each patient.
The results of the 64-MDCT is determined measurements of RV, LV, and PA volumes for the population ( Table 1) . The mean ± SD of the entire study group is 0.10±0.046 ml/mmHg for the pulmonary arterial compliance and 0.18±0.061 m/s for PWV. Values are mean ± SD; n = 9 total number of eligible patients (LV -left ventricle, RV -right ventricle, PA -pulmonary artery, C RV -right ventricle compliance, C PA -pulmonary artery compliance, PWV -pulse wave velocity).
The results of the comparison in terms of the mean ± standard deviation of the calculated arterial compliance and pulse wave velocity between our two groups of patients ( Table 2) . The PWV of patients with stroke into atrial fibrillation (0.21±0.0665 m/s) is greater than those with both stroke and atrial fibrillation (0.15±0.0502 m/s). Our result agreed with the physiological fact that patients suffering from atrial fibrillation would have excessively high rate of cardiac contraction caused by disorder in the heart's electrical impulses [9] . 
Reproducibility and Variability
We calculated intra and inter observer coefficient of variation for C PA is 10.79%, 15.55%, 10.15% and 14.00%
for PWV. Regression analysis showed good intra-and inter-observer correlation between measurements: r=0.975, r=0.951 for C PA , r=0.989, r=0.902 for PWV respectively. Bland-Altman analysis, with 95% limit of agreement, showed intra-and inter-observer differences equal to 0.008 ml/mmHg (-0.0124-0.0276 ml/mmHg) and 0.008 ml/mmHg (-0.0206-0.03658 ml/mmHg) for C PA and 0.006 m/s (-0.0228-0.0347 m/s) and -0.0115 m/s (-0.0536-0.0305 m/s) for PWV ( Figure 13, Figure 14) .
We noted good reproducibility in image analysis as reflected by the coefficient of variation calculation of 10.79% and 10.15% for intra-observer calculations, 15.44% and 14.00% for inter-observer calculations, and low variability on the Bland-Altman analysis. The C PA and PWV calculated by two observers showed correlation which is r=0.975 and r=0.951, respectively. From the two observers, one has good experience in off-line cardiac CT image processing while the other one did not have previous experience in this field, but received training on medical image processing from Chung Yuan Christian University Department of Biomedical Engineering. This reaffirms that the proposed methodology is highly reproducible and can be done by anyone with minimum amount of training, thus making the entire process less expensive. Figure 13 . Intra-and inter-observer Bland-Altman analyses for pulmonary arterial compliance. Mean (95% limits of agreement) intra-and interobserver differences were 0.008 ml/mmHg (-0.0124-0.0276 ml/mmHg) and 0.008 ml/mmHg (-0.0206-0.03658 ml/mmHg), respectively Our method should be applicable for calculating PWV and compliance for any other vessel where CT imaging processing approach is commonly used. The segmentation and volume calculation algorithms could also be easily modified to four-dimensional (4-D) data analysis.
Compared to other methods in calculating pulse wave velocity and compliance, our method exhibits the general advantages and disadvantages of the flow-area (QA) [17] and cross-correlation (XC) methods [18] .
The proposed method is performed using data sets, which validates the accuracy of the results obtained. PWV and AC are also correlated using parameters measured from the right ventricle done by National Yang-Ming University Hospital prior to CT image acquisition. This research is the first study to propose such methodology which is less expensive. Thus making medical diagnosis of various cardiovascular diseases is affordable and readily available.
In this study, we developed a new methodology of pulse wave velocity (PWV) and compliance calculation from three-dimensional cardiac CT images. The CT images are acquired from ten-timed-series-ECG-gated 64-row Multidector Computed Tomography. We designed an effective integration of segmentation, correction and volume estimation algorithms as a basis for PWV and compliance determination using parameters from right ventricle volume calculation.
We also used a technique to determine the start of the impulse from the impulse propagation plot by using the first slice to intersect the steepest slope in each of the pulse wave plot.
The main validation of the tool is the calculation of the stroke volume of both the LV and the RV, which must be equal assuming all valves are competent. The proposed method is found to be highly reproducible with low variation by determining the Bland-Altman analysis intra-and interobserver variability. Therefore, the derived methodology to calculate PWV from 3D CT cardiac images could be used as an index in evaluation of arterial stiffness.
